Little is known about metabolic pathways used by the zoonotic pathogen Streptococcus suis. Results: Amino acid auxotrophies and biosynthetic pathways were determined from in vitro and ex vivo isotopologue studies using [ 13 C]glucose. Conclusion: The core metabolism of S. suis is determined by glycolysis and an essential PEP carboxylation. Significance: The isotopologue patterns identify key metabolic features and potential targets for future drug design.
transcriptional regulators (16 -19) , which may also be of relevance in different host niches.
Nevertheless, very little is known about the central carbon metabolism of S. suis and the amino acid biosynthesis pathways that are linked to virulence. Whole genome sequencing data of different S. suis strains allow prediction of possible metabolic routes based on gene annotation. Regarding to these data, all S. suis strains included in the Kyoto Encyclopedia of Genes and Genomes database carry genes encoding for the Embden-Meyerhof-Parnas (EMP) pathway, the pentose phosphate pathway (PPP), and a fragmentary TCA cycle, but genes encoding for the Entner-Doudoroff pathway (ED) seem to be missing. However, this does not necessarily reflect the nature, rates, and dynamics of active metabolic reactions and metabolite fluxes.
A powerful technique to elucidate biosynthetic pathways in microorganisms grown under complex and nonstandardized conditions is 13 C-isotopologue profiling (20) . When 13 C-labeled substrates, e.g. glucose, are used for bacterial growth, the label is distributed in downstream metabolic pathways and can be detected in de novo synthesized metabolites, such as amino acids (21) . Analysis of the specific isotopologue patterns in these amino acids by GC/MS or NMR spectroscopy then provide considerable information about the carbon pathways and relative fluxes in the metabolic networks of bacteria (22) . Several studies have applied this technique to pathogenic bacteria to reconstruct the central metabolic pathways, not only after cultivation in laboratory media (23-25) but also after infection of eukaryotic cells (26 -28) .
In the present study, we used 13 C-isotopologue profiling to elucidate the de novo amino acid biosynthetic pathways and the core metabolic network of a S. suis serotype 2 strain grown in vitro. Furthermore, we expanded isotopologue profiling to S. suis grown in porcine blood and CSF to eventually identify features of its metabolic adaptation to a more complex nutrient availability encountered in the host. Our in vitro and ex vivo results indicate that S. suis has variable preferences for uptake of amino acids and de novo biosynthesis. However, under all conditions, the main pathways and relative fluxes in the core metabolism of S. suis were quite stable and were mainly dictated by the activity of the EMP pathway and an anaplerotic reaction mediated by a phosphoenolpyruvate (PEP) carboxylase.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Growth Conditions-Bacterial strains used in this study are listed in supplemental Table S1. The highly virulent S. suis serotype 2 strain 10, the isogenic mutant 10⌬ppc, and the complemented strain 10c⌬ppc were cultured overnight at 37°C on Columbia blood agar base (Oxoid) containing 6% (v/v) sheep blood or horse blood supplemented with spectinomycin (100 g/ml), if necessary. For further experiments bacteria were grown in Todd Hewitt broth (THB; Becton Dickinson Diagnostics) or in chemically defined medium (CDM; see formula in supplemental Table S2 ). For each growth or labeling experiment, a starting culture was inoculated with a single S. suis colony in THB medium and incubated at 37°C overnight. Bacteria were then harvested by centrifugation, washed twice in 1ϫ PBS, and used for inoculation of respective media at an optical density A 600 of ϳ0.001. Amino acid auxotrophy and labeling experiments were performed in 50-ml tubes, and the optical density A 600 was measured at the indicated time points or regular intervals with an Eppendorf Bio-Photometer. Growth experiments in CDM supplemented with filter sterilized casamino acids, Bacto TM -Tryptone, Bacto TM -Peptone (all purchased from Becton Dickinson), ␣-ketoglutarate, or oxaloacetate were performed in 96-well plates covered with a Breathe-Easy sealing membrane. Growth was monitored automatically by measuring A 630 in a Tecan GENios Pro microplate reader for 24 h at 37°C. Escherichia coli strains used for subcloning were cultured on LB agar or in LB broth supplemented with spectinomycin (50 g/ml), if required.
Growth of S. suis Serotype 2 in Porcine Blood and Cerebrospinal Fluid ex Vivo-Collection of heparinized blood from healthy pigs in our institute is registered at the Lower Saxonian State Office for Consumer Protection and Food Safety (Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit) under permit number 33.9-42502-05-11A137 and was conducted in line with the recommendations of the German Society for Laboratory Animal Science (Gesellschaft für Versuchstierkunde) and the German Veterinary Association for the Protection of Animals (Tierärztliche Vereinigung für Tierschutz e. V.). CSF samples were collected from clinically healthy pigs within the framework of the registered Lower Saxonian State Office for Consumer Protection and Food Safety permit number 33.9-42502-04-08/1612. CSF samples were sterile filtered using a 0.22-m Rotilabo syringe filter, and aliquots were immediately frozen at Ϫ80°C.
For survival assays, bacteria were grown in THB medium to early exponential growth phase, then harvested by centrifugation, and washed twice in 1ϫ PBS. Porcine blood and CSF were inoculated with S. suis WT strain 10 or strain 10⌬ppc at concentrations of 1 ϫ 10 4 CFU/ml, and the samples were rotated overhead at 37°C. At the indicated time points, CFU were determined by serial dilution and plating. Plating of the aliquots was performed in triplicate, and bacterial colonies were counted 24 h after incubation at 37°C.
General Molecular Methods and Chemicals-If not stated otherwise, all chemicals were purchased from Sigma-Aldrich. The restriction enzymes, Phusion DNA polymerase, and T4 DNA ligase were purchased from New England Biolabs. The oligonucleotides and plasmids used in this study are listed in supplemental Table S1 . Transformation of E. coli and S. suis, as well as isolation of chromosomal and plasmid DNA, was performed as described earlier (29) . All plasmid constructs were verified by DNA sequencing. RNA isolation of S. suis, RT followed by quantitative PCR (qPCR), and evaluation of qPCR were done as described recently (17) . Relative target gene transcript levels were normalized to gyrB transcript levels and expressed as 2 Ϫ⌬CT values (30) .
Construction of Strain 10⌬ppc and Its Complemented Strain 10c⌬ppc-Deletion of the S. suis ppc gene (SSU0479) was achieved by an adapted Cre-lox-based method as described recently (31) . Briefly, a 1.2-kilobase pair fragment A resembling the ppc upstream region and a 1.2-kilobase pair fragment B identical to the region downstream of ppc were amplified by PCR from S. suis strain 10 chromosomal DNA by using the primer pairs SSU0478_Xho_f/SSU0478_Nco_r and SSU0480_ Nhe_f/SSU0480_BamH_r, respectively. By this, a large part of the ppc open reading frame was not amplified. In parallel, a spectinomycin (spc) resistance cassette that is flanked by lox66 and lox71, respectively, was amplified from the plasmid pGA14 (32) using primers Spec_lox66_Sac/Spec_lox71_Nhe and cloned in pCR2.1-TOPO (Invitrogen). From the resulting vector pCR-lox-spc, the floxed spc cassette was amplified using primers Spec_lox66_NcoI and Spec_lox71_Nhe. All PCR fragments were digested with the restriction enzymes indicated and were ligated into the BamHI-XhoI-cut pCR2.1-TOPO (Invitrogen) vector. The resulting plasmid pCR-ppc::lox-spc was verified by sequencing and used for transformation of S. suis as described (32) . Putative mutants (10⌬ppc::spc) were initially selected for spc resistance and screened using PCR. To remove the spc resistance cassette, electrocompetent 10⌬ppc::spc cells were transformed with pSET5s_P tufA -cre and selected for chloramphenicol resistance. After excision of the spc resistance cassette, pSET5s_P tufA -cre was removed, and possible 10⌬ppc deletion mutants were verified as described (31) . Episomal complementation of 10⌬ppc was done as described earlier (16) . Because the ppc gene (SSU0479) seems to form an operon with its upstream gene SSU0478, the entire operon and its native promoter were amplified from chromosomal DNA of S. suis strain 10 using primers SSU0479_comp_fw and SSU0479_comp_ rev2. The EcoRI-digested PCR product was ligated into the EcoRI-cut pGA14 vector, and the resulting plasmid pGA14-ppc was introduced into strain 10⌬ppc. 13 C Incorporation Studies-Labeling of streptococci in CDM or THB was performed by supplementation of the medium with 10 mM [U-13 C 6 ]glucose or [1,2-13 C 2 ]glucose (Sigma-Aldrich), respectively. CDM labeling experiments were performed in the absence of unlabeled glucose. For all labeling experiments, preparation of overnight cultures and inoculation of fresh media were done exactly as described above. Bacterial growth was monitored by measuring A 600 in regular intervals, and bacteria were harvested until the early exponential or stationary growth phase was reached in respective media. The bacterial cells were immediately collected by centrifugation at 4,000 ϫ g and 4°C, rapidly washed twice with ice-cold 1ϫ PBS, and frozen at Ϫ80°C. Then the bacterial suspension was autoclaved at 120°C for 20 min and lyophilized.
For ex vivo labeling experiments, porcine blood or CSF supplemented with either 5 mM [U-13 C 6 ]glucose or [1,2-13 C 2 ]glucose was inoculated with S. suis WT strain 10 and incubated as described for the survival assays. After 6 h of incubation (see Fig. 5D ), bacteria were harvested. CSF samples were processed as described above, whereas blood samples were subjected to additional steps of centrifugation. These comprised two centrifugation steps at 825 ϫ g at 4°C for 5 min to pellet erythrocytes and leukocytes, followed by a centrifugation of the supernatant at 4,000 ϫ g at 4°C for 5 min to pellet the bacterial cells. The purity of the suspension was controlled by Gram staining. Then bacteria were washed twice in ice-cold 1ϫPBS, inactivated, and processed as described above.
Protein Hydrolysis and Amino Acid Derivatization-A lyophilized bacterial dry weight of ϳ10 mg was resuspended in 6 M HCl and boiled at 105°C for 24 h under an inert atmosphere.
The hydrolysate was placed on a cation exchange column of Dowex 50W ϫ 8 (H ϩ form, 200 -400 mesh, 5 ϫ 10 mm), which was washed with 70% methanol. The column was washed with water, and afterward developed with 4 M ammonium hydroxide. An aliquot of the eluate was dried under a nitrogen stream and then dissolved in 50 l of water-free acetonitrile. An equal volume of N-(tert-butyldimethyl-silyl)-N-methyl-trifluoroacetamide containing 1% tert-butyl-dimethyl-silylchloride was added, and the solution was incubated at 70°C for 30 min. The resulting N-(tert-butyldimethylsilyl) (TBDMS) derivatives of proteinogenic amino acids were then analyzed by GC/MS.
Mass Spectrometry-GC/MS analysis was performed on a GCMS-QP2010 Plus gas chromatograph/mass spectrometer (Shimadzu) equipped with a fused silica capillary column (Equity TM-5; 30 m by 0.25 mm; 0.25-m film thickness; Supelco) working with electron impact ionization at 70 eV. One l of a TBDMS derivative solution was injected in a 1:10 split mode at an interface temperature of 260°C and a helium inlet pressure of 70 kPa. The column was then developed at 150°C for 3 min with a temperature gradient of 10°C/min to a final temperature of 260°C that was held for 3 min. Data were collected using the LabSolutions software (Shimadzu). Selected ion monitoring data were acquired according to Eylert et al. (26) using a 0.3-s sampling rate, and the samples were analyzed in triplicate. The overall 13 C excess (mol %) and the relative contribution of isotopomers were computed by an Excel-based in-house software package according to Lee et al. (33) .
RESULTS

Preferred Carbon Sources and Amino Acid Auxotrophies of S. suis under Chemically Defined
Conditions-Together with clostridia and enterococci, streptococci are among the species with the highest abundance of carbohydrate uptake systems relative to their genome size (34, 35) . An in silico analysis of the S. suis serotype 2 reference strain P1/7 (36) revealed the presence of 25 putative carbohydrate uptake systems including PTS or ABC transporters distributed in the S. suis genome (data not shown). Given the high number of carbohydrate transport systems, we first analyzed the ability of S. suis to use different carbohydrate sources for growth in a chemically defined medium. These experiments revealed that S. suis strain 10 utilizes a variety of monosaccharides and disaccharides for growth as depicted in Fig. 1 (A and B) . Best growth results were obtained after supplementation with glucose, mannose, or the ␣-␣Ј-diglucosides maltose and trehalose. Arabinose, xylose, raffinose, and rhamnose appeared to be less preferred growth substrates. All sugars except rhamnose were metabolized by S. suis strain 10 as tested in additional fermentation assays (data not shown). Because glucose seems to most efficiently support growth of S. suis, we choose this carbohydrate for studying amino acid auxotrophies. By subsequently omitting each of 20 amino acids, we found that S. suis strain 10 was not able to grow in the absence of Arg, Cys, Gln/Glu, His, Leu, or Trp, respectively ( Fig.  1 , C-F). Bioinformatic analysis of the S. suis P1/7 genome revealed a lack of the genes encoding for enzymes needed for the biosynthesis of Arg, His, Glu, and Trp, which may explain most of the observed auxotrophies (supplemental Table S9 ). Gln/Glu auxotrophy could not be restored by ammonium sup-plementation via (NH 4 ) 2 SO 4 or NH 4 Cl (data not shown). Because growth was not hampered when either Gln or Glu was omitted, S. suis strain 10 seems to be able to take up both amino acids for exchangeable use. Moreover, S. suis strain 10 was not able to grow when Leu was omitted, although it seems to possess all enzymes required for Leu biosynthesis. The same was found for Cys. We additionally tested whether Cys auxotrophy could be restored by thiosulfate or sulfide supplementation as described for Streptococcus mutans (37) . By adding 1 mM Na 2 S 2 O 3 or Na 2 S to the medium, we were able to restore growth, suggesting that Cys biosynthesis requires thiosulfate or sulfide as a sulfur source (data not shown). In contrast to the above mentioned amino acids, deprivation of Ala, Asp, Asn, Gly, Pro, Ser, Thr, or Tyr did not impair growth of S. suis strain 10. Growth was moderately reduced in the absence of Ile, Lys, Met, Phe, or Val. Taken together, under the conditions investigated, S. suis strain 10 seems to be auxotrophic for Arg, Gln/ Glu, His, Leu, and Trp.
De Novo Amino Acid Biosynthesis of S. suis in CDM-To investigate de novo synthesis of amino acids by S. suis, we performed 13 C-isotopologue profiling experiments. For this, S. suis strain 10 was grown to the early exponential and early stationary growth phase in CDM containing all amino acids and either [U-13 C 6 ]glucose or [1,2-13 C 2 ]glucose as tracers. Isotopologue patterns of protein-derived amino acids were then determined by GC/MS. The acidic hydrolysis of cellular proteins did not allow the determination of Asn, Cys, Gln, Met, and Trp. Asn and Gln were converted to Asp and Glu, and therefore, values given for Asp and Glu are represented by the Asn/Asp and Gln/Glu averages, respectively (23, 26). The yields of the FIGURE 1. Preferred carbon sources and amino acid auxotrophies of S. suis strain 10 in a CDM. A and B, S. suis strain 10 was grown in CDM medium containing 40 mM of monosaccharides (A) or di-/trisaccharides (B) indicated, and A 630 nm values were recorded at 1-h intervals automatically in a thermostatic 96-well microplate reader. Results and standard deviations are shown for three biological replicates. Carbohydrate substrates that could not be used for streptococcal growth in CDM are marked by asterisks. C-F, amino acid auxotrophies of S. suis strain 10 were determined in CDM with glucose as the sole carbohydrate source and by omitting single amino acids. Growth was monitored by measuring the A 600 at indicated the time points. The results are shown for two biological replicates in cultures that were individually depleted for aromatic (Phe, Tyr, or Trp) (C), charged (Arg, Asp, Glu, Glu/Gln, His, or Lys) (D), uncharged (Asn, Cys, Gln, Ser, or Thr) (E), or aliphatic and branched chain amino acids (Ala, Gly, Ile, Leu, Met, Pro, or Val) (F). Amino acid auxotrophies of S. suis strain 10 are marked by asterisks. OD 600 , A 600 ; OD 630 , A 630 ; w/o, without. FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9
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TBDMS-derivatives of His and Lys were low, and thus, isotopologue data of these amino acids were therefore only given when applicable. Arg did not form a suitable TBDMS derivative and was therefore omitted. Among the 14 remaining amino acids, 9 acquired significant 13 C labels from both [U-13 C 6 ]glucose and [1,2-13 C 2 ]glucose, indicating their de novo biosynthesis ( Fig. 2A ). However, 13 C incorporation (mol % 13 C excess) differed among the detected amino acids, e.g. for bacteria grown to exponential growth phase in CDM supplemented with [U-13 C 6 ]glucose: Ala (61.1%) Ͼ Asp (48.2%) Ͼ Ser (48.1%) Ͼ Thr (40.9%) Ͼ Gly (10.2%) Ͼ Phe (5.8%) Ͼ Lys (5.1%) Ͼ Val (3.4%) Ͼ Tyr (3.1%). No significant 13 C labeling was found in Glu, His, Ile, Leu, and Pro ( Fig. 2A ). For Glu, His, and Leu, this finding confirmed the respective auxotrophies observed in the growth experiments described above. In case of Ile and Pro, however, the data indicated that under these conditions S. suis seems to prefer uptake of (unlabeled) Ile and Pro from CDM or synthesis from other unlabeled precursor molecules present in CDM. At least for Pro synthesis, the latter hypothesis is likely because (unlabeled) Glu from CDM probably serves as the precursor of Pro.
Dissection of the Central Carbon Metabolism on the Basis of 13 C-isotopologue Profiles Derived from de Novo Synthesized Asp, Ala, and Thr-A survey on the genomes of S. suis strain P1/7 and other sequenced S. suis strains revealed the presence of all genes encoding for the EMP pathway and PPP, respectively, but seems to lack the genes necessary for the ED. Furthermore, it possesses a fragmentary TCA cycle, i.e. the genes necessary for the synthesis of citrate from acetyl-CoA and oxaloacetate and further reactions to ␣-ketoglutarate, but no genes assigned to the steps from ␣-ketoglutarate to oxaloacetate. This implies an alternative way of oxaloacetate synthesis, which is essential for the formation of lysine and diaminopimelate. To elucidate this assumption, we analyzed the isotopologue pat- 13 C excess values (mol %) are shown as black columns on the left y axis. Colored columns on the right y axis indicate the percentages of labeled isotopologues comprising up to nine 13 C atoms (Mϩ1 to Mϩ9). Mean values are shown for two independent biological experiments each measured in triplicate. D, relative fractions of isotopologues in Ala-232 and Ala-260 fragments, which were relevant to discriminate glucose fluxes of the EMP pathway and the PPP are shown. S. suis strain 10 was grown to the exponential (E) and stationary (S) growth phase in CDM supplemented with 10 mM [1,2-13 C 2 ]glucose, respectively. The colored columns on the left y axis indicate the percentages of isotopologues comprising up to three 13 C atoms (Mϩ1 to Mϩ3). Note that Mϩ0 stands for unlabeled Ala and indicates uptake of extracellular Ala. Mean values and standard deviations are shown for two independent biological experiments each measured in triplicate.
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tern of Asp because it is directly synthesized from oxaloacetate via Asp transaminase (aspC, SSU0569). In fact, after feeding of [U-13 C 6 ]glucose, a high proportion of 13 C 3 -labeled Asp was found, indicating carboxylation of a 13 C 3 -labeled intermediate from the EMP pathway, such as PEP ( Fig. 2B ). Consequently, Asp synthesis must have been initiated by transferring an unlabeled CO 2 to [U-13 C 3 ]PEP to synthesize [1,2,3-13 C 3 ]OAA by a PEP carboxylase (ppc, SSU0479) ( Fig. 3) . The minor fractions of [U- 13 C 4 ]Asp most likely arose from carboxylation of [U-13 C 3 ]PEP with 13 CO 2 , which seems to accumulate in the stationary growth phase.
All genes necessary for Thr synthesis are annotated in the S. suis genome. On this basis, Thr can be synthesized in five enzymatic reactions from Asp via homoserine. Indeed, we detected a high fraction of 13 C 3 -labeled Thr, which confirms this metabolic route. The enrichment of [U- 13 C 4 ]Thr similar to [U- 13 C 4 ]Asp in the stationary growth phase further supports this. In addition to Asp and Thr, the highest molar 13 C excess (Ͼ60 mol %) was detected in Ala at both growth phases of S. suis. The isotopologue distribution revealed almost solely [U-13 C 3 ]Ala, indicating its formation from universally labeled [U-13 C 3 ]pyruvate provided by glycolysis (see below). Most likely, this is linked to the gene product of alaT (SSU0319), which catalyzes the transamination of [U-13 C 3 ]pyruvate by using Glu as an amino group donor leading to [U-13 C 3 ]Ala and ␣-ketoglutarate, respectively. Overall, these data suggest that FIGURE 3 . Reconstruction of the metabolic pathways utilized for de novo syntheses of amino acids as derived from isotopologue profiling with [U-13 C 6 ]glucose and [1,2-13 C 2 ]glucose. 13 C patterns of amino acid isotopologues are indicated by red and green lines, respectively, as deduced from labeling experiments performed with [U-13 C 6 ]glucose and [1,2-13 C 2 ]glucose. [1,2-13 C 2 ]Glucose-derived isotopologue patterns are shown for Ala, Asp, Thr, biosynthesis pathways, and the formation of Gly from Ser only. The three-letter abbreviation of de novo synthesized amino acids is highlighted in red, whereas that of unlabeled amino acids remains dark blue. Simplified metabolic reactions being part of the EMP pathway and PPP are highlighted by yellow and light blue shading, respectively. Note that in the case of [1,2-13 C 2 ]glucose catabolization via PPP, the formation of unlabeled GAP molecules is shown solely. Full metabolic fluxes refer to the Kyoto Encyclopedia of Genes and Genomes database, and arrows indicate the number of metabolic steps needed for biosynthesis of amino acids. Corresponding gene annotations are given in Table S9 . Glu-6-P, glucose-6-phosphate; 6-P-glc-1,5-lac, 6-phospho-D-glucono-1,5-lactone; Ery-4-P, erythrose-4-phosphate; DHAP, dihydroxy-acetone-phosphate; PYR, pyruvate; ␣-KG, ␣-ketoglutarate. FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 glucose is efficiently catabolized via the EMP pathway and indicate that PEP carboxylase is a key enzyme for OAA, Asp, and Thr biosynthesis under the tested in vitro conditions. Glucose Is Predominantly Catabolized by the EMP-The high enrichment rates of [U-13 C 3 ]Ala caused by [U-13 C 6 ]glucose feeding reflected that glucose was mainly metabolized by EMP (or by ED, but homologues genes for the ED are missing in the genome), because single or double 13 C-labeled Ala isotopologues, which would indicate a contribution of carbon cycling via the PPP, were almost undetectable. However, to unequivocally dissect whether glucose was primarily catabolized via the EMP, PPP, or the ED pathway, we performed growth experiments with [1,2-13 C 2 ]glucose. Other than using [U-13 C 6 ]glucose as a tracer molecule, which leads to the formation of identical [U-13 C 3 ]glyceraldehyde 3-phosphate (GAP) molecules ( Fig. 3) , the use of [1,2-13 C 2 ]glucose allows differentiation of EMP, PPP, and ED because of different labeled GAP isotopologues that are deducible from the labeling of Ala via pyruvate. In more detail, after [1,2-13 C 2 ]glucose metabolization via the PPP, GAP can occur in [1,3-13 C 2 ]GAP, [3-13 C 1 ]GAP or can remain unlabeled ( Fig. 3 ). Hence, via the PPP, [1,2-13 C 2 ]glucose could be initially converted to [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]6-phospho-D-glucono-1,5-lactone by the gene product of zwf (SSU1025) and then in two steps decarboxylated to [1-13 C 1 ]D-ribulose-5-phosphate. The first 13 C atom is lost in this process catalyzed by 6-phosphogluconate dehydrogenase (gnd, SSU1541). [1-13 C 1 ]Ribulose-5-phosphate is interconvertible with [1-13 C 1 ]xylulose-5-phosphate, which could react with [1-13 C 1 ]ribose-5-phosphate to [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]sedoheptulose-7-phosphate and finally to unlabeled GAP in the transketolase reaction. Alternatively, the formation of [1,3-13 C 2 ]GAP and [3-13 C 1 ]GAP would result from the transaldolase and transketolase reaction of the PPP via [1,3-13 C 2 ]fructose-6-phosphate and [1-13 C 1 ]fructose-6-phosphate, respectively. In contrast, the enrichment of [1,2-13 C 2 ]GAP and, therefore, [1,2-13 C 2 ]Ala would point to an ED activity. In case of the EMP pathway, [1,2-13 C 2 ]glucose is metabolized in three steps to unlabeled GAP and [2,3-13 C 2 ]dihydroxy-acetonephosphate. The latter two molecules are interconvertible by a triosephosphate isomerase (tpiA, SSU0483), and therefore, one half of the molecules in the GAP pool consists of [2,3-13 C 2 ]GAP, whereas the other half remains unlabeled. For Ala and Asp, both synthesized from glycolytic intermediates, this would result in the reduction of overall 13 C excess by one-third when compared with [U-13 C 6 ]glucose labeling. Indeed, when comparing with the values from the experiment with [U-13 C 6 ]glucose, this factor was detected after growth of S. suis with [1,2-13 C 2 ]glucose for Ala and Asp (Fig. 2, A and C) , thus indicating that glucose was mainly catabolized by the EMP pathway. In addition, a closer look to the isotopologue pattern of different Ala fragments helped to distinguish between EMP, PPP, and ED as explained above. Notably, enrichment of a completely labeled Ala-232 (m/z 232) derivative that lacks the 13 C label at C-1 because of ESI fragmentation suggested that Ala was originally synthesized from [2,3-13 C 2 ]GAP precursor molecules via the EMP pathway and not via the PPP or ED pathway ( Fig. 2D and supplemental Table S4 ), because the 13 C label at C-1 of Ala would have been originated from glucose catabolization by the PPP and/or ED only. The absence of single 13 C-labeled Ala-260 (m/z 260) further excludes synthesis from [3-13 C 1 ]GAP originating from labeled fructose-6-phosphate via the PPP. Taken together, these experiments revealed that glucose is predominantly metabolized by the EMP pathway instead of the PPP. Furthermore, a functional ED pathway seems not to be present in S. suis as expected from the lack of ED genes in the genome.
Reconstruction of de Novo Synthesis Pathways of Ser, Gly, Lys, Val, Phe, and Tyr by Isotopologue Profiling-Isotopologue profiling experiments with [U- 13 C 6 ]glucose also showed that along with Ala, Asp, and Thr, 13 C was incorporated at high rates into Ser (Ͼ 38 mol %) during both growth phases of S. suis. A relative fraction of ϳ67% of [U-13 C 3 ]Ser suggests synthesis from the glycolytic precursor 3-phosphoglycerate (3-PGA). Indeed, S. suis carries all genes that are needed for a three-step Ser biosynthesis from 3-PGA. This metabolic route was further indicated by the enrichment of universally labeled [U-13 C 2 ]Gly, which is directly synthesized from [U-13 C 3 ]Ser by a Ser hydroxymethyltransferase (glyA, SSU0794). Thus, the 13 C label at the C-2 of Gly must have originated from [2,3-13 C 2 ]Ser after [1,2-13 C 2 ]glucose labeling, further supporting this pathway (Fig. 2C) . Ser hydroxymethyltransferase can also catalyze the reversible reaction to synthesize Ser from Gly (38, 39) . Because S. suis seems not to possess a Gly synthase, which is in contrast to, for example, Listeria monocytogenes, the enrichment of [3-13 C 1 ]Ser after [U-13 C 6 ]glucose labeling indicates the reversible Ser hydroxymethyltransferase reaction of single 13 C-labeled N 5 ,N 10 -methylene tetrahydrofolate and unlabeled Gly (from the medium) to tetrahydrofolate and [3-13 C 1 ]Ser. 13 C-Labeled N 5 ,N 10 -methylene tetrahydrofolate could be generated by an initial pyruvate formate lyase (pfl, SSU0191) reaction synthesizing [U-13 C 1 ]formate and [U-13 C 2 ]acetyl-CoA from [U-13 C 3 ]Pyr. [U-13 C 1 ]formate then react with tetrahydrofolate in a two-step reaction to 13 C-labeled N 5 ,N 10 -methylene tetrahydrofolate. Thus, the observed labeling profile of Ser suggests its synthesis via 3-PGA and Gly as respective precursors. When reaching the stationary phase growth phase, fluxes via the Gly route seem to be increased.
When omitting Lys from CDM, S. suis was still able to grow. However, the mode of Lys biosynthesis remains unclear because S. suis apparently lacks a diaminopimelate epimerase (EC 5.1.1.7). Nevertheless, the biosynthesis rate of ϳ5.2% according to our isotopologue profiling results shows that Lys can be made by the streptococci de novo, even though Lys seems to be preferentially taken up from the medium (Fig. 2B) . The accumulation of 75% of 13 C 5 -labeled Lys furthermore indicates its biosynthesis from [U-13 C 3 ]pyruvate and [1,2,3-13 C 3 ]Asp, which has also been described for L. monocytogenes (23). An enrichment of a small fraction of 13 C 6 -labeled Lys in the stationary growth phase might reflect the biosynthesis from accumulated [U-13 C 4 ]Asp (see above). Because a BLAST search with diaminopimelate epimerase of L. monocytogenes revealed no significant hit for S. suis strain P1/7 and all other sequenced strains, the question still remains regarding how the final steps in the Lys pathway are organized.
The genome annotation also revealed the presence of all genes encoding the enzymes required for synthesizing the branched chain amino acid members Ile, Leu, and Val. Leu auxotrophy observed in the growth experiments could also be confirmed by isotopologue profiling, because we have never detected any significant 13 C enrichment in Leu (supplemental Tables S3 and S4 ). In contrast to this, we detected a significant 13 C label in Val with a biosynthesis rate of ϳ3.5% with the presence of almost only [U-13 C 5 ]Val isotopologues after feeding the bacteria on [U-13 C 6 ]glucose (Fig. 2B ). This isotopologue pattern indicates the biosynthesis pathway from two [U-13 C 3 ]-Pyr molecules (Fig. 3) and is consistent with the genome annotation. S. suis strain 10 was found to be not auxotrophic for Ile under the conditions tested. However, no significant 13 C excess of Ile could be detected in the labeling experiments (supplemental Table S4 ). Generally, S. suis seems to efficiently take up all members of the branched chain amino acid family.
Within the group of aromatic amino acids, 13 C incorporation rates of 5.8 and 3.3 mol % were detected in Phe and Tyr, respectively, in the exponential growth phase of S. suis (Fig. 2B) . The accumulation of [U- 13 C 9 ]Tyr and [U- 13 C 9 ]Phe directly reflects the biosynthesis from completely labeled chorismate via the shikimate pathway ( Fig. 3) . Chorismate itself is synthesized in six metabolic reactions from fully labeled erythrose-4-phosphate and two molecules of PEP originating from the PPP and EMP, respectively. Furthermore, the 13 C 2 -and 13 C 4 -labeled isotopologues of Tyr and Phe after [1,2-13 C 2 ]glucose feeding indicate synthesis from unlabeled erythrose-4-phosphate and one or two labeled pyruvate molecules, respectively (Fig. 2C) . These labeling patterns of Phe and Tyr reveal that glucose is also metabolized by the PPP and that PPP intermediates can be utilized at least for anabolic reactions like aromatic acid biosynthesis but apparently did not contribute to pyruvate formation (see above). Although Trp could not be detected, as explained above, the growth experiments and the absence of biosynthetic genes in the genome (supplemental Table S9 ) indicate that S. suis strain 10 cannot synthesize Trp.
Isotopologue Profiling under ex Vivo Conditions-To understand the central carbon metabolism of S. suis in ecological niches that it may encounter in natural infections, we also performed ex vivo isotopologue profiling experiments. For this, S. suis strain 10 was incubated in freshly drawn blood and CSF from clinically healthy pigs supplemented with 5 mM [U-13 C 6 ]glucose or [1,2-13 C 2 ]glucose for 6 h. Isotopologue measurements revealed that the overall 13 C excess obtained after incubation in blood or CSF was lower when compared with the labeling experiments in CDM (Fig. 4A) , most probably because of naturally occurring unlabeled glucose in these body fluids. Accordingly, glucose levels in porcine serum and CSF have been reported to be in the ranges of ϳ4 -8 and 1-4 mM, respectively (40 -42) . On average, 13 C excess was higher in CSF than in blood, suggesting different rates of amino acid de novo biosynthesis, as well as different uptake rates of unlabeled amino acids provided by both body fluids. However, similar to the experiments in CDM medium, the highest relative labeling intensities were detected in Ala, Asp, Ser, and Thr under both conditions. [U-13 C 6 ]Glucose-derived biosynthesis rates for Ala, Asp, and Ser were in the ranges of 2.5-8 and 11-23% in porcine blood and CSF, respectively (Fig. 4B) . In particular, the high proportion of [1,2,3-13 C 3 ]Asp and [2,3-13 C 2 ]Asp detected after labeling with [U-13 C 6 ]glucose and [1,2-13 C 2 ]glucose, respec-tively, indicated the central role of the PEP carboxylase reaction in both blood and in CSF (Fig. 4, B and C) .
To elucidate the relative contribution of EMP and PPP to the central carbon metabolism of S. suis under the selected ex vivo conditions, we analyzed the Ala-232 and Ala-260 fragments (Fig. 4D) . In analogy to the results from the CDM experiments, the isotopologue patterns of Ala-232 again indicated its synthesis from [2,3-13 C 2 ]GAP via the EMP pathway and not via the PPP. This is further supported by the absence of single 13 Clabeled Ala-232 and Ala-260 (m/z 260) that would have been synthesized from labeled [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]fructose-6-phosphate and [1-13 C 1 ]fructose-6-phosphate originating from the PPP, respectively. In conclusion, glucose degradation into pyruvate is generally afforded via the EMP, but not via the PPP when growing S. suis in CDM, blood, or CSF. However, as found in vitro, a 13 C carbon flux through the PPP could be detected by 13 C enrichments in the aromatic acids Phe and Tyr, at least after cultivation of S. suis in CSF, revealing glucose metabolization to erythrose-4-phosphate for anabolic purposes.
The role of the EMP pathway is additionally underlined by high levels of [U-13 C 3 ]Ser (Fig. 4B ). Ser biosynthesis originating from glycolytic 3-PGA seems to be even preferred in blood and CSF when compared with CDM. Further evidence is given by our results from growth experiments in CSF, which revealed high percentages of [U-13 C 2 ]Gly and single 13 C-labeled Gly after [U-13 C 6 ]glucose and [1,2-13 C 2 ]glucose labeling, respectively. In addition, significant 13 C enrichments were detected in Ile, Val, Tyr, Phe, and Lys after incubation of S. suis in CSF, although reconstruction of exact biosynthesis pathways for the latter four is arguable because of high standard deviations considering biological replicates. This may be explained by more complex recycling in biosynthesis pathways of labeled and unlabeled precursors that might be provided by the CSF. Nevertheless, double 13 C-labeled Ile was observed in both [U-13 C 6 ]glucose and [1,2-13 C 2 ]glucose labeling experiments, suggesting its biosynthesis from labeled pyruvate and unlabeled Thr, which is in accordance with the Ile synthesis pathway predicted from the genome annotation. In good correlation with CDM labeling experiments, Glu, His, and Leu were again detected in unlabeled states under ex vivo conditions.
In conclusion, the labeling patterns provide strong evidence that S. suis in general catabolizes glucose mainly via the EMP pathway. However, they also indicate that the rates of de novo amino acid are dictated by the physiological composition of porcine blood and CSF.
Functional Characterization of a Phosphoenolpyruvate Carboxylase (ppc) Mutant-The isotopologue results suggest a dominant role of the glycolytic pathway in S. suis metabolism. In addition, the inability to synthesize Glu/Gln indicates a substantial impact of OAA/Asp on amino acid synthesis, as evidenced by a high proportion of 13 C 3 -labeled Asp, and suggested an important role of ppc (SSU0479) for the central carbon metabolism under in vitro and ex vivo conditions. Thus, this anaplerotic reaction seems to be crucial for oxaloacetate synthesis in S. suis (Fig. 3) , because the TCA cycle is incomplete.
To prove this hypothesis, we constructed a S. suis ppc deletion mutant (10⌬ppc) and the complemented strain 10c⌬ppc. Successful deletion and complementation were confirmed by In Vitro and ex Vivo Carbon Metabolism of S. suis FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9
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RT-qPCR, respectively. Possible polar effects on the expression of upstream (SSU0478) and downstream (SSU0480) genes could be excluded (Fig. 5A) .
First, we phenotypically characterized strain 10⌬ppc in CDM growth experiments. Notably, in contrast to the wild type, the ppc mutant showed strongly reduced growth in complete CDM 13 C excess values (mol %) are shown as black columns on the left y axis. Colored columns on the right y axis indicate the percentages of labeled isotopologues comprising up to nine 13 C atoms (Mϩ1 to Mϩ9). Mean values are shown for five (blood) and six (CSF) biological experiments each measured in triplicate. The horizontal line indicates the detection limit set to 0.5 mol % 13 C excess in these experiments. D, relative fractions of isotopologues in the Ala-232 and Ala-260 fragments, which were relevant to discriminate glucose fluxes of the EMP pathway and the PPP, are shown. S. suis strain 10 was incubated for 6 h in porcine cerebrospinal fluid (C columns) or porcine blood (B columns) supplemented with 5 mM [1,2-13 C 2 ]glucose, respectively. Colored columns on the left y axis indicate the percentages of isotopologues comprising up to three 13 C atoms (Mϩ1 to Mϩ3). Note that Mϩ0 stands for unlabeled Ala and indicates uptake of extracellular Ala. Mean values and standard deviations are shown for two independent biological experiments, each measured in triplicate.
containing Asp, even when casamino acids containing all amino acids except Trp were added (Fig. 5B) . Also the supplementation with Asp, OAA, and ␣-ketoglutarate did not compensate the OAA deficiency in strain 10⌬ppc, most probably because of the lack of respective transporters in S. suis (data not shown). In contrast, supplementation with tryptone and pep-tone partially restored growth to the wild type level, indicating that Asp containing oligopeptides provided by both supplements might compensate for the Asp and OAA deficiencies. Also the reversible reaction of the aspartate transaminase (aspC, SSU0569) to synthesize OAA from Asp may not be favored under these conditions. Because the growth defect of FIGURE 5 . The ppc gene of S. suis is essential for oxaloacetate production in vitro and for growth in porcine blood and CSF ex vivo. A, verification of ppc deletion by RT-qPCR. S. suis WT strain 10, the isogenic mutant 10⌬ppc, and the complemented strain 10c⌬ppc were grown in THB medium to the early exponential growth phase, RNA was extracted, and RT-qPCR was performed as described under "Experimental Procedures." The results are shown for one representative experiment performed in duplicate and are expressed as relative transcript levels of the ppc gene (SSU0479), the upstream (SSU0478), and the downstream gene (SSU0480) normalized to gyrB. B, growth of S. suis WT strain 10 (black circles) and strain 10⌬ppc (red circles) in complete CDM that was optionally supplemented with 0.5% tryptone, peptone, or casamino acids (CAA). Growth was monitored by measuring the A 630 in 96-well plates over 24 h. Experiments were performed in triplicate, and results are shown for two biological replicates. C, relative isotopologue composition of Ala, Asp, Ser, and Thr derived from S. suis WT strain 10, the isogenic mutant 10⌬ppc, and the complemented strain 10c⌬ppc grown to the exponential (E) and stationary (S) growth phase in THB medium supplemented with 10 mM [U-13 C 6 ]glucose. 13 C excess values (mol %) are shown as black columns on the left y axis. Colored columns on the right y axis indicate the percentages of isotopologues comprising up to four 13 C atoms (Mϩ1 to Mϩ4). Results are shown for one representative experiment, and error bars indicate S.D. of MS measurements performed in triplicate. The horizontal line indicates the detection limit set to 0.5 mol % 13 C excess in these experiments. D, growth of S. suis WT strain 10 (black circles) and strain 10⌬ppc (red circles) in porcine blood and CSF ex vivo. Growth was monitored at the indicated time points by CFU enumeration after plating. Mean values and standard deviations are shown for three independent biological replicates. FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 strain 10⌬ppc was almost abolished in commercial THB media (data not shown), we performed isotopologue profiling experiments under these conditions in the presence of [U-13 C 6 ]glucose. Notably, 13 C incorporation was not detected in Asp and Thr in strain 10⌬ppc, which was in striking contrast to the wild type strain and the complemented mutant strain 10c⌬ppc ( Fig. 5C ). As expected, formation of 13 C-labeled Ala and Ser, synthesized from the glycolytic intermediates pyruvate and 3-PGA, respectively, was not influenced by the ppc deletion (supplemental Table S5 ). These experiments demonstrate that the ppc gene is essential for de novo biosynthesis of oxaloacetate and its products Asp and Thr.
In Vitro and ex Vivo Carbon Metabolism of S. suis
The ex vivo isotopologue experiments suggested the major importance of the PEP carboxylase reaction for streptococcal proliferation in porcine blood and CSF, but the growth experiments with 10⌬ppc in CDM also suggested that certain supplements may compensate for ppc deficiency. To prove whether this effect also occurs under ex vivo conditions, we monitored the growth of 10⌬ppc in porcine blood and CSF over 24 h. In comparison with the wild type strain, the ppc mutant showed a significantly reduced growth in blood and CSF (Fig. 5D ). Although strain 10⌬ppc survived during the tested 24 h, it seemed not to be able to use the nutrients in blood or CSF for substantial replication. This experiment clearly points toward an important central role of the PEP carboxylase for bacterial fitness in host environments.
DISCUSSION
In the present study, isotopologue profiling was applied to elucidate the metabolic pathways used by S. suis for glucose utilization and amino acid de novo biosynthesis. The data obtained substantially contribute to a better understanding of the in vitro and ex vivo metabolic network in S. suis and are summarized in the schematic model depicted in Fig. 6 .
Like all other streptococci, S. suis is a facultative anaerobe bacterium that lacks a respiratory metabolism. The inability of FIGURE 6. Simplified metabolic model for amino acid biosynthesis pathways of S. suis in vitro and ex vivo. This model is based on the information obtained from isotopologue profiling experiments, amino acid auxotrophy experiments, and S. suis P1/7 genome annotation. Relative metabolic fluxes are shown for isotopologue experiments conducted for S. suis grown in CDM to the exponential (E) growth phase, in CDM to the stationary (S) growth phase, in porcine blood (B), and in porcine CSF (C). Higher relative metabolic fluxes are displayed by thick arrows. Dotted gray arrows indicate that genes required for the biosynthesis of the amino acid are absent in the S. suis P1/7 genome. The colored boxes above amino acids correspond to the mean overall 13 C enrichments described for Figs. 2A and 4A. Gray and white boxes stand for amino acids that could not be measured by our protocol but were found to be nonessential and essential, respectively, for growth of S. suis in CDM in vitro. Furthermore, the necessity for uptake of essential amino acids by streptococcal transporters is indicated by pink rectangles. Glu-6-P, glucose-6-phosphate; Acetyl-CoA, acetyl coenzyme A; OXG, oxoglutarate (␣-ketoglutarate).
respiration in streptococci is associated with the absence of TCA genes or, in case of S. suis and other oral streptococci, with an incomplete TCA (43) . Thus, S. suis mainly metabolizes carbohydrates via homolactic or mixed acid fermentation. Correspondingly, S. suis expresses several PTS or ABC transporter systems that allow the uptake of a broad spectrum of carbohydrates (refer to Fig. 1 ) and ensure an efficient substrate supply for the glycolysis.
Our data show that in S. suis glucose is preferentially catabolized by the EMP pathway, although the PPP seems to provide S. suis with intermediates needed for anabolic reactions like aromatic acid biosynthesis. The importance of a glycolytic flux, at least for sugars that can be easily metabolized, such as glucose, is reflected by our in vitro and ex vivo 13 C isotopologue profiling results. Although the overall mol % 13 C excess was different after growth in CDM, blood, and CSF, in general the highest 13 C enrichments were detected under all conditions in the EMP pathway-derived amino acids Ala, Asp, Ser, and Thr. In addition, the isotopologue profiles of Asp and Thr indicated synthesis of oxaloacetate via the carboxylation of PEP, which corresponds to studies on L. monocytogenes and Streptococcus pneumoniae (23, 25), although L. monocytogenes possesses a pyruvate carboxylase instead of a PEP carboxylase. However, in contrast to these studies, we detected high enrichments of [U- 13 C 4 ]Asp and [U- 13 C 4 ]Thr isotopologues after growth of S. suis in CDM, which must be a result of the incorporation of 13 CO 2 . Putative sources of 13 CO 2 are probably the decarboxylation reactions of the fragmentary TCA (pdhABC, pyruvate dehydrogenase complex; icd, isocitrate dehydrogenase) or the oxidative part of the PPP (gnd, 6-phosphogluconate dehydrogenase). A minor contribution of the PPP to glucose metabolization in vitro can be deduced from universally labeled [U- 13 C 9 ]Tyr and [U- 13 C 9 ]Phe, which were formed from [U-13 C 6 ]glucose precursors via biosynthesis of fully labeled PEP and erythrose-4-phosphate of the nonoxidative part of the PPP. However, the isotopologue patterns of Ala-260 and Ala-232 did not suggest such a contribution of the PPP. Explanations for this contradiction could be that the amount of [1,3-13 C 2 ]Ala and [3-13 C 1 ]Ala from uniquely labeled [1,3-13 C 2 ]fructose-6phosphate and [1-13 C 1 ]fructose-6-phosphate provided by the PPP was under the detection limit of our method or that these fructose molecules were not efficiently catabolized to pyruvate and Ala. The latter case would suggest that glucose catabolized by the PPP will predominantly fuel anabolic reactions like the aromatic acid biosynthesis instead of the catabolic EMP pathway. Such modular subnetwork structures have been postulated for central metabolic pathways like EMP or PPP in E. coli (44, 45) , whereas in S. suis this awaits further experiments.
Our data revealed that oxaloacetate synthesis by carboxylation of PEP is a central reaction in glucose catabolism of S. suis. Oxaloacetate is an indispensable precursor not only for the biosynthesis of Asp and Thr, but also for Lys, ␤-alanine (pantothenate), nicotinamide, nicotinate, ␣-ketoglutarate, and purines (46, 47) . In fact, the growth deficiency of strain 10⌬ppc in CDM may be caused by the lack of oxaloacetate production. Interestingly, growth was even abolished when the purines adenine and guanine were omitted from CDM (data not shown), suggesting that oxaloacetate is exhausted in strain 10⌬ppc during growth.
Considering that S. suis seems not to encode additional proteins for gluconeogenesis or anaplerotic reactions like pyruvate carboxylase, decarboxylating malate dehydrogenase, or PEP carboxykinase (48) , our results emphasize an essential role of ppc for the central carbon metabolism of S. suis. Indeed, this metabolic feature is conserved within all sequenced S. suis strains and was confirmed in our additional experiments with another serotype 2 strain 05ZYH33, which had been isolated from a human outbreak in China (supplemental Table S8 ).
Isotopologue profiling of S. suis grown in porcine blood or CSF ex vivo clearly indicated that the central metabolism of S. suis is well adapted to nutrient sources provided by the host. Overall, our isotopologue data show an efficient glucose flux through the glycolysis in vitro and ex vivo and therefore emphasize the relevance of these reactions for survival of S. suis in vivo. Porcine blood and CSF contain glucose levels of ϳ4 -8 and 1-4 mM, respectively (40 -42) . The high glucose levels in blood and CSF might explain the lower 13 C overall excess observed ex vivo because of naturally occurring unlabeled glucose. However, they do not sufficiently explain the labeling differences observed between blood and CSF. This rather suggests that the supply with other nutrients, most probably carbohydrates or oligopeptides, also regulates the metabolic fate of glucose through glycolysis and PPP ex vivo. Indeed, S. suis encodes several peptidases, glycosidases, as well as carbohydrate and peptide transporters that would allow an efficient utilization of available, alternative substrates in blood and CSF. Especially porcine blood may provide S. suis with alternative (unlabeled) carbohydrate sources or oligopeptides that can be used for proliferation and therefore might explain the reduced ability to detect [U-13 C 6 ]glucose-dependent de novo amino acid biosynthesis by isotopologue profiling. This assumption may be also supported by the lower overall 13 C enrichment rates observed in blood when compared with CDM, although the concentrations of certain amino acids in porcine serum (1-10 mg/dl) and CDM (10 mg/dl) are not strongly differing from each other. In accordance, our data show that S. suis performs de novo biosynthesis and uptake of amino acids at the same time. Thus, very efficiently synthesized amino acids like Asp, Ala, Ser, and Thr were never detected with 13 C excess rates of ϳ100% in CDM, as well as in porcine body fluids, indicating a simultaneously occurring uptake of unlabeled amino acids under all conditions. This holds true in particular for amino acids found to be labeled in even lower percentages like Lys, Phe, Tyr, or Val, indicating that uptake rather than de novo biosynthesis is favored by S. suis. The amino acid concentrations of porcine serum (1-10 mg/dl) and CSF (0.1-2 mg/dl) differ and even vary in the composition of the single amino acids (49, 50) . This implies that porcine blood and CSF provide sufficient amounts of amino acids for S. suis at least for the time period investigated. Nevertheless, the higher 13 C excess in amino acids found after cultivation in CSF compared with blood suggests an enhanced demand of de novo biosynthesis by S. suis. Further evidence for this metabolic fine-tuning is given by the higher de novo biosynthesis rates for Lys, Phe, and Ile after incubation of S. suis in CSF compared with CDM. Ile and Phe are amino acids that were found in rather low concentrations in CSF (49, 50) . In particular, Ile biosynthesis seems to be the result of exhausting Ile amounts in In Vitro and ex Vivo Carbon Metabolism of S. suis FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 5851 CSF because de novo biosynthesis of Ile could not be detected in vitro.
Regarding the overall amino acid composition of porcine serum and CSF, Gln is among the most abundant amino acids present. S. suis is auxotrophic for Gln/Glu but to satisfy a high demand on Glu, which is also needed for transamination reactions, it is not surprising that five different Gln transporters (GlnQ1-GlnQ5) were annotated in the S. suis P1/7 genome (36). This will ensure an efficient Gln/Glu supply for the bacterial cell and may reflect an evolutionary mechanism for a specific adaptation of S. suis to its host niches. The Gln/Glu auxotrophy also raises the question on the need of the fragmentary TCA cycle for S. suis fitness. In contrast to L. monocytogenes, which utilizes its incomplete TCA for Glu synthesis via ␣-ketoglutarate (23), S. suis obviously lacks the genes encoding for a Glu synthetase. Even though S. suis possesses a Glu dehydrogenase (gdh, SSU0234), S. suis Gdh was reported to preferentially utilize Glu rather than ␣-ketoglutarate as the substrate (51) . It is conceivable that this fragmentary pathway allows synthesis of additional NADH that is not only used for homolactic fermentation of pyruvate to lactate but also contributes to a balanced NADH/NAD ϩ ratio (52) . This ratio is implicated in controlling the shift from homolactic to mixed acid fermentation in Lactococcus lactis subsp. lactis and has been discussed in the context of pneumococcal fitness (53, 54) . Interestingly, in vitro we only detected unlabeled ␣-ketoglutarate (data not shown), indicating its production predominately by transamination reactions from unlabeled Glu. Because we were not able to measure ␣-ketoglutarate from ex vivo experiments, the role of the incomplete TCA for S. suis fitness is still speculative and awaits further analysis.
Overall, with respect to the central carbon catabolic pathways, EMP and PPP, as well as most of the amino acid biosynthesis pathways, our experimental data corresponded well with the genome annotation. Nevertheless, we were not able to detect [U-13 C 6 ]glucose dependent de novo biosynthesis of ␣-ketoglutarate and Glu under our conditions, contradicting whole genome data because the respective S. suis genes SSU1040 -1042 and gdh, which suggest potential biosynthesis pathways, were present in all sequenced S. suis strains. This holds also true for Leu and Lys biosynthesis, where genome annotation does not correspond to the phenotypes we observed. These inconsistencies have to be addressed in further experiments.
Finally, it is important to note that despite the knowledge gained in the identification of virulence-associated factors of S. suis, no serotype cross-protective vaccine is available. A more in-depth understanding of bacterial metabolism might help in the design of new strategies for vaccine development to control S. suis infection and to overcome this dilemma. In more detail, our data suggest that transporter proteins for the essential amino acids (Arg, His, Leu, and Trp), the disruption of the anaplerotic reaction, or other biosynthetic pathways may be promising strategies for vaccine development or rational drug design for treatment. In line with this, a S. suis strain deficient in the biosynthesis pathway for aromatic acids has been postulated to be a potential live attenuated vaccine in swine (55) . In conclusion, our study denotes the importance of the central carbon metabolism and related amino acid biosynthesis for S. suis fitness and emphasizes its metabolic adaptation to the nutrient availability in the host.
